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ABSTRACT 
This investigation examines load interaction effects and crack 
closure in 2024-T3 aluminum alloy. Crack closure and the relation- 
ship of AK ff to growth rate following a single overload are also 
investigated for 1035 mild steel. 
For 2024-T3 aluminum significant increases in delay and reduction 
in overall FCP rate are shown to occur when a second overload is 
applied at the point of minimum growth rate in the delay region 
produced by a previous overload. This effect is a function of 
baseline stress intensity range and percentage overload. When 
multiple overloads are applied to the same alloy the delay for a 
given overload ratio and number is observed to increase with in- 
creasing baseline AK. Also it is found that while an increased 
number of overloads increases the delay following the last overload, 
there is a limit to the number of overloads which may be applied to 
reduce the 'average' crack growth rate when based solely on load 
cycles at the lower AK range. As this limit is exceeded the 
'average' will increase eventually negating any overload benefit. 
The existence of crack closure is verified in 2024-T3. The value 
of A K xf is found to depend on both mean stress and Kmax (or AK.) 
The variations in K  show qualitative agreement with previously 
observed interaction effects. 
Although general similarities exist in the trends of AK ff and 
da/dN following an overload in 1035 steel there are flaws in a 
relationship of the form da/dN = C (A K rf)m. This is due to a 
'lag' effect between the two quantities. Hence, the conclusion of 
this investigation is that although closure has an influence in load 
interaction effects it is not possible to characterize all of the 
observed behavior with a crack propagation law based on A K ff. 
I. INTRODUCTION 
Initiation and propagation of fatigue cracks occurs during the useful 
service life of many modern high performance structural components. 
Hence, the "ability to accurately predict crack growth rates under in- 
service loading conditions is of great importance to the designers of 
such structures. A number of crack growth laws have been formulated 
from both theoretical considerations as well as from empirical 
evidence. These are usually valid only for a specific material and 
then only for well ordered loading spectra in which there are no abrupt 
changes in cyclic load range or mean load. When such changes do occur 
application of the general laws can often lead to erroneous fatigue 
life predictions. Thus a primary aim of fatigue crack propagation 
research is to better understand the nature and fundamental causes 
of these load interaction effects. Such an understanding would be 
useful both to designers in trying to optimize the fatigue life of 
structural components from the outset as well as to those concerned 
with operating existing structures where it may be possible to choose 
among alternative loading patterns in order to maximize service life. 
Paris (1) concluded that in analyzing fatigue crack growth rates the 
stress intensity factor K from linear elastic fracture mechanics was a 
useful parameter. He proposed a crack growth law based on a work rate 
model where the work done in each load cycle was proportional to the 
volume of the alternating plastic zone ahead of the crack tip. This 
approach led to a growth rate law in which crack extension per load 
cycle was proportional to the fourth power of the peak to peak change 
in the stress intensity factor K. In a review of existing crack growth 
laws of the time Paris and Erdogan (2) suggested that the best correla- 
tion with existing data was obtained by using the fracture mechanics 
parameter K with the resulting growth rate law taking the following 
form: 
da/dN  =  A (AK)m Eqn. (1) 
In this expression A and m are empirically determined constants which 
reflect material properties, environmental factors, and mean stress. 
While it is generally accepted that the stress range, represented in 
eqn. (1) by A K, plays the major role in the crack propagation rate, 
the effect of mean stress has long been recognized (3-12). Generally 
growth rates are found to increase with increasing mean stress, but 
the magnitude of increase can depend on several factors including the 
type of material and its properties. Aluminum alloys (3, 4, 6, 7), 
and high strength steels (5) show a greater mean stress dependence 
than do mild steels (4). A number of causes have been advanced to 
explain mean stress effects. These include residual stresses within 
the material or induced by external mechanical work, changes in frac- 
ture mechanism at higher values of K or from intermetallic impurities, 
and the basic stress-strain relationship that a particular material 
possesses. Recently, crack closure arguments have been advanced as an 
explanation for mean stress effects. 
There have been attempts to incorporate these observed mean stress 
effects into crack propagation laws (3, 9-12). Often this results in 
V modified form of eqn. (1), whereby either A or m or both are not con- 
stant but rather a function of the mean stress during the load cycle. 
Estimation of fatigue crack propagation rates is made even more 
difficult when there are abrupt changes in the loading spectrum such 
that the range of the loading cycle or mean stress are significantly 
altered. Under such conditions load interaction effects (13-25) are 
generally observed which can lead to considerable error in fatigue 
life predictions based on linear cumulative damage laws (26). 
One of the most observed and studied interaction effects is the 
decrease in FCP rates which can occur after high load excursions or 
following reductions in the cyclic load range. These delay effects 
are characterized by crack growth rates substantially below those 
predicted by existing laws for some increment of crack extension. 
They have been documented under a variety of load spectra in a number 
of materials including aluminum alloys (14-16, 19-21), titanium alloys 
(13, 17-18, 24) and both mild and high strength steels (22, 23). Not 
all interaction effects result in delay. Accelerated crack growth 
often occurs upon an increase in the load range from low to high before 
stabilizing at the higher level (15). Also, when part of the load 
cycle includes compressive loading, higher than predicted growth rates 
can result (25). Delay of fatigue crack propogation remains, however, 
the most widely studied interaction effect because of its potential 
impact for increasing design and operating life of structural compon- 
ents. A large number of variables have been found to affect the extent 
of delay including the stress intensity range, mean stress, maximum 
stress intensity, type of material, specimen thickness, environment, 
time interval at high load, and number of high load cycles. Because of 
this, characterization of the delay phenomenon and development of a 
useful predictive model is quite difficult, especially when one con- 
siders that data from different laboratories are often not directly 
comparable due to such differences as test environmental conditions, 
specimen configurations, and experimental methods (for instance, 
constant load vs. constant A K testing). 
In an investigation of single overload effects in 2024-T3 aluminum 
alloy, Von Euw (14) found that the number of delay cycles  following 
the overload increased with an increasing percentage overload ratio as 
measured by AK overload/AK baseline. He also found that a given 
overload ratio produced more delay on a higher baseline AK than a 
lower one, although just the opposite was observed by Wei and Shih (24) 
for Ti-6A1-4V alloy. Generally investigators have found that delayed 
retardation occurs following a single overload; i.e., the 
+Here as elsewhere in this paper the term 'delay cycles' refers 
only to the additional load cycles in an increment of crack 
extension as a result of the interaction effect. 
rate of crack propagation does not reach its minimum value until 
the crack has extended some fraction of the entire overload affected 
region. In a study of delay resulting from complex load patterns 
Mills and Hertzberg (16) found that delay following two overloads is 
maximum when the second overload is applied at the point of minimum 
growth rate following the first overload. They also conclude that the 
same pattern produced the maximum delay per length of crack extension . 
and thus would optimize fatigue life in a structure which could be 
overloaded in such a controlled manner. These findings are not in 
agreement with those of Wei and Shih (24) who found that for Ti-6A1-4V 
alloy the maximum delay following two overloads occurs when the over- 
loads are applied consecutively. 
The effects of multiple overload cycles on subsequent fatigue crack 
propagation rates has also been studied. Trebules (15) found an in- 
crease in the number of delay cycles with an increasing number of 
overloads for up to 9000 overload cycles in 2024-T3 aluminum alloy. 
In the same material, however, Bathias and Vancon (21) found a level- 
ing off in the number of deJay cycles at 50 to 100 overloads. Both 
investigations employed overload ratios (AK overload/AK baseline) 
of 1.5. Results reported by Wei and Shih (24) for overload ratios 
of 2.0 in Ti-6A1-4V show a slight decrease in delay past one-hundred 
overload cycles. Clearly, in evaluating the benefits of any multiple 
overload sequence, the effect of higher crack growth rates during the 
overloads, including any initial acceleration, must be balanced against 
the resulting delay cycles. Interaction effects have been attributed 
to several factors including changes in crack tip geometry, residual 
stresses ahead of the crack tip, and to crack closure. The first two 
are very difficult, if not impossible to quantify, as they would 
require determining the actual configuration of the crack front 
through the thickness of the material or the solution of the triaxial 
stress state which exists in the plastic zone adjacent to the crack 
tip. Evaluation of crack closure, while not without its own special 
set of problems can more readily be accomplished. 
The closure concept, as first introduced by Elber (27) is that 
residual tensile deformations left in the wake of a propagating crack 
will come into contact across the crack surface at some positive load 
value, causing the crack to be closed for all loads below that level. 
Elber argued that only that portion of the load cycle above the closure 
load was effective in causing crack propagation and introduced the 
effective stress intensity factor range defined as: 
AKeff  =  Kmax - KQp    eqn. (2) 
where K  represents the crack opening stress intensity factor. Since 
residual deformations in the crack wake are the result of plasticity 
ahead of the crack tip due to previous load cycles, load interaction 
effects can be explained in terms of temporary alterations of A K ff 
which remain until equilibrium values of K  are re-established. Sim- 
ilary, variations in K  with mean stress could explain observed mean 
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stress effects on growth rates. The existence of crack closure has 
been documented in a variety of metals and alloys using different 
experimental techniques (27-39). Elber's original work (27) on 2024-T3 
aluminum alloy showed the ratio of A K ff to AK to be a function of 
the mean stress only, i.e., U = f(R) where U = A K ~~/ AK and 
R = Kmin/Kmax. Subsequent investigations (28-29, 33-35) indicate that 
U is also a function of Kmax or A K. Other variables including the 
crack length, specimen thickness, and environment, as well as the 
properties of the material itself have been shown to influence the 
degree of closure. 
The concept of AK ff and its ability to account for both mean stress 
and interaction effects has been investigated by several authors 
(28-33, 35, 38). Most have concluded that this concept by itself 
cannot fully account for the variation in crack growth rates with mean 
stress particularly at high values of R where Kmax approaches Kc, the 
fracture toughness. In a study of crack closure behavior following 
single overloads in 7075-T6 aluminum Chanani and Mays (32) concluded 
that the observed delay could not be explained in terms of the small 
changes which were detected in the level of closure. In a similar 
study on 7050 aluminum Brown and Weertman (31) concluded that the 
effective stress intensity and crack closure concepts could not account 
for the decrease in growth rates following tensile overloads, even 
though a decrease in the effective stress following the overloads was 
observed. 
^The purpose of this work is to further investigate load interaction 
effects and the crack closure phenomenon. With respect to load inter- 
action the effect of adding a second overload at the point of minimum 
growth following a previous overload will be studied at different 
values of baseline A K in 2024-T3 aluminum alloy. The results will 
be compared with those previously published (16) and analyzed in terms 
of the effect on overall fatigue life of a component. The effect of 
multiple overloads as a function of the baseline stress intensity 
range will be investigated for the same material. Again a primary aim 
will be to determine" the possible benefits in maximizing fatigue life. 
The crack closure behavior of 2024-T3 will be established at various 
levels of R andAK. The results will be analyzed in light of other 
investigations and for their ability to explain previously established 
mean stress and interaction effects. 
Finally an investigation of the crack closure and delay behavior of 
mild steel following application of a single overload will be con- 
ducted. The concept of the effective stress intensity range will be 
evaluated for its applicability in correlating observed crack pro- 
pagation behavior prior to and following the overload. 
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II. EXPERIMENTAL PROCEDURES 
2.1  Materials 
Overload testing and crack closure testing was performed on compact 
tension specimens of 2024-T3 aluminum alloy, 3.20 mm thick. The 
properties of the material are listed in reference (14). The 
dimensions of the compact tension specimen are given in Fig. 1. The 
following was used in computing the stress intensity factor for these 
specimens (40): 
K = 
BW 1/2 
J29..6 (a/w)1/2 - 185.5 (a/w)3/2 + 655.7 (a/w)5/2 
-1017.0(a/w)7/2 + 638.9(a/w)9/2J 
The evaluation of crack closure following application of a single 
overload was done on a 6.35 mm thick compact tension specimen of 1035 
mild steel. The dimensions of the specimen are also given by Fig. 1 
and the stress intensity factor was calculated from: 
K = 
BW 1/2 
2+(a/w) 
[l-(a/w)j 3/2 
* [.886 + 4.64(a/w)-13.32(a/w)2 
+1472(a/w)3-5.6(a/w)^] 
11 
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2.2  Fatigue and Overload Testing 
All fatigue and overload testing was conducted on an MTS electro- 
hydraulic closed loop testing machine with load control capabilities 
of +0.1 percent. Constant A K tests were employed in all instances by 
appropriately reducing Pm„w and Pm. at intervals of crack extension no rr
 
r
    
J a
 max    mm 
greater than 0.25 mm. These reductions were accomplished in such a way 
as,, to permit a constant value for the mean stress intensity in any 
given test. A sinusoidal loading pattern was employed at test fre- 
quencies of either 10 or 20 Hz. Crack length was monitored with a 
traveling microscope with resolution to 0.01 mm of crack extension. 
Tests were conducted in an uncontrolled laboratory air environment. 
When numbering more than two, the overloads were applied at 10 or 20 
Hz and load levels reduced as necessary to maintain constant AK 
conditions during the overload region. One and two cycle overloads 
were applied manually at frequencies of approximately 0.1 Hz. For all 
overloads, the minimum load in the cycle was maintained at the same 
level as the minimum load for the baseline A K at the corresponding 
crack length. A definition of the terms used in the fatigue and over- 
load tests is given in Fig. 2. 
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2.3  Crack Closure Testing 
Determination of crack opening loads .was done from records of load vs. 
displacement across the crack surfaces in the region behind the crack 
tip. A typical record is shown in Fig. 3. On such a plot the crack 
opening load is given by the lowest load above which the curve remains 
linear as described in detail by Elber (27). 
For the aluminum specimens, the displacement was measured with a 
strain gage, the ends of which were bonded across the crack surface 
perpendicular to the direction of crack growth. This is the same 
technique utilized by Roberts and Schmidt (39). All measurements were 
made 2.0 mm behind the crack tip after the crack length had reached 
24 mm under the desired values forAK and mean load. To ensure con- 
sistency of the results several load displacement plots were made, 
using an X-Y recorder, at each test condition. 
To investigate the closure behavior following an overload in 1035 
steel a displacement gage which could be readily removed and reapplied 
was developed. This gage is depicted in Fig. 4. The gage was mounted 
to the specimen by bolting through pre-drilled holes.  All closure 
It should be noted that these holes had no effect on the crack 
propagation and overload behavior of the steel as evidenced by 
comparison with undrilled specimens. This is because the small 
hole size and relatively large distance from the crack tip did 
not affect the stress-strain field near the tip. 
15 
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FIG. 4 - REMOVABLE GAUGE USED IN 
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tests were performed with the gage positioned in the holes closest to, 
but at least 1 mm behind the crack tip. Preliminary testing indicated 
that crack opening loads obtained from this gage mounted at different 
locations behind the crack tip were identical, however, by keeping the 
gage close to the crack tip, the load range which could be displayed 
on the X-Y recorder was optimized. This assured maximum accuracy in 
determining the crack opening loads. 
18 
III. RESULTS AND DISCUSSION 
3.1  FCP Without Load Interaction - 2024-T3 Aluminum Alloy 
In order to validate the fatigue testing procedure and establish some 
reference data, the fatigue crack propagation behavior of 2024-T3 in 
the absence of interaction effects was examined. The results are 
analyzed in this section. 
Table I gives the crack propagation rate for a variety of loading 
conditions. The parameter A is the ratio of Kmax/AK and is used 
throughout this investigation to characterize the mean stress. Its 
relationship to the often used parameter R (Kmin/Kmax) is given by: 
r 
R = 1 - (1/A) 
In Fig. 5, the growth rate data is plotted vs. the applied stress 
intensity range,AK. 
The results show good agreement with previous work utilizing the same 
material supply (14,15). The scatter in the data for any particular 
set of loading cohditons is judged acceptable for an uncontrolled 
environment where relative humidity is known to affect the growth rate 
(36). Fig. 5 indicates reasonably good agreement with equation (1) 
particularly for those tests conducted at an identical A. of 1.05. 
Growth rates were essentially constant with advancing crack length 
over the range tested (.30 < a/w <.55). In view of these results 
the test equipment and experimental methods are believed to be satis- 
factory for conducting constant AK fatigue tests. 
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TABLE 1 - Fatigue Crack Growth Rates Without Load Interaction 
Spec.  No. 
AK 
(MPaym) 
8.79 
8.79 
8.79 
A 
Growth Rate    , 
(mm/cycle x 10    ) 
1K7-1 
1J18-B 
1K3-1 
1.05 
1.05 
1.05 
0.30 
0.57 
0.20 
1A18-A 13.19 1.05 2.20 
1D1-2 
1D5-1 
1L15-1 
1M20-2 
1J16 
16.48 
16.48 
16.48 
16.48 
16.48 
1.05 
1.05 
1.05 
1.05 
1.05 
2.72 
3.25 
2.64 
3.89 
3.83 
1J20-B 
1J12-A 
1J12-B 
1K5-2 
1A18-B 
19.78 
19.78 
19.78 
19.78 
19.78 
1^05 
1.05 
1.05 
1.05 
1.05 
7.03 
6.13 
7.29 
4.30 
4.92 
1K11-2 
1K1-1 
24.17     » 
24.17 
1.05 
1.05 
5.38 
8.96 
1K9-2 
1A-4 
26.37 
26.37 
1.05 
1.05 
12.30 
18.80 
1K1-2 30.77 1.05 20.50 
1A-8 13.19 1.4 3.00 
1-20A 19.78 1.4 10.70 
1A16-B 
1A16-A 
26.37 
26.37 
1.4 
1.4 
39.30 
57.10 
1A-6 13.19 2.0 4.13 
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It is apparent from Fig. 5 that the mean stress does affect crack 
propagation rates. Since part of this investigation is a study of 
crack closure in 2024-T3, a discussion of the applicability of closure 
in regard to these mean stress effects is deferred to that section 
(see section 3.5). However, it should be noted that a number of 
correlations, as discussed in the Introduction, could be used to 
account for the observed effects. 
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3.2  Single Overload Effects 
Before investigating the effects of applying a second overload at 
the point of minimum growth rate following a previous overload, it is 
necessary to establish the single overload behavior for the material. 
To do this tests were conducted in which overloads of 50% were applied 
to baseline A Ks of 16.48 MPa Vm, 24.17 MPa Vm, 26.37 MPa W, and 30.77 
MPa Vm, and one in which a 75% overload was applied on a baselineAK 
of 19.78 MPa Vm. All tests were run at a constant value for \  of 1.05. 
Fig. 6 shows a typical crack growth curve resulting from these tests 
and also identifies the terminology used in analyzing test results. 
The major results of each of the tests are given in Table 2. 
The behavior observed is generally consistent with previous over- 
load work on this material (14-16). The length of the delay region, 
a*, which is governed by the maximum stress intensity range of the 
overload cycle, KQ,, increases with both baselineAK and percent 
overlaod. For the 50% overload level the number of load cycles in 
the overload affected region N*, and the number of delay cycles, Nd, 
show at most a small increase with baseline AK. Increasing the 
overload to 75% results in a large increase in both N* and Nd, con- 
sistent with previous observations that delay is increased by higher 
overload ratios (14, 21, 24). The amount of delay, Nd, for the 75% 
overload test is greater than the 9500 cycles reported by Mills and 
Hertzberg (16) for the same material and test conditions, but is less 
23 
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than the 26,000 cycles reported by Von Euw (14) who tested single-edge 
notched specimens of this material under nearly similar conditions; 
the slight difference being that A was 1.0. 
As observed by Von Euw (14) a given number of delay cycles is of 
greater benefit in low cycle vs. high cycle fatigue. The quantity 
N*/(a*/b2)J is the ratio of the number of cycles in the overload 
affected region to the number of cycles which would have occurred had 
the constant growth rate b2 prevailed throughout the region. It is a 
measure of the beneficial effect of the overload and can be used in 
comparing tests conducted at different baseline AKs. Consistent with 
Von Euw's findings (14) the results indicate that the benefits of 
single overloads are an increasing function of baseline AK as well as 
percentage overload. 
Both the number of delay cycles and the relative benefits can be cal- 
culated on the basis of stable growth rate prior to the overload rather 
than afterwards. Justification for this approach is the decrease in 
growth rate b« vs. b,, due in a large part to the overload itself. 
While some gradual decrease in growth rate with advancing crack length 
may normally occur (14, 15), the growth rate through the overload 
region in the absence of the overload might be better approximated by 
b, than b?. Table 3 shows a comparison of the two methods with Nd-,, 
and N*/(a*/b,) representing the delay cycles and benefit ratio based 
on b-, corresponding to Nd and N*/(a*/b2) based on b2. It is clear 
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TABLE 3 - Comparison of Delay and Overload Benefit 
Based on b, vs. b~ 
^ 
Spec. 
AK 
(MPaVm) %0L 
Nd 
(cycles) N*/(a*/b„) 
 _ rt— 
Nd, 
(cycles) NV(aVb1) 
1D1-2 
1D5-1 
1L15-1 
16.48 
16.48 
16.48 
50 
50 
50 
4152 
2752 
3845 
2.77 
2.22 
2.22 
4221 
2825 
4538 
2.85 
2.30 
2.84 
1K11-2 24.17 50 4584 2.34 4413 2.23 
1K9-2 26.37 50 3894 . 2.22 5067 3.49 
1M20-2 30.77 50 5513 3.52 6438 6.10 
1J20-B 19.78 75 16,546 3.56 17,694 4.33 
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from this table that the estimated benefits of overloading are an even 
stronger function of AK when based on b,. This is due to the much 
greater decline in bp vs. b, which was experienced in the tests 
conducted at higher AK values. 
The phenomenon of delayed retardation was observed in each of these 
tests. Fig. 7 shows the growth rate for specimen 1J20-B through the 
overload affected region, and represents the typical behavior. Note 
that in addition to the delayed retardation there is a small region of 
very high growth rate immediately following the overload. While not 
always as pronounced as in this particular specimen such an increase 
was normally observed. It is possible that the application of the 
overload, which produces large plasjtic strain ahead of the crack, 
causes an immediate reduction in the crack opening load and hence a 
higher growth rate. Not until the front advances into this enlarged 
plastic zone do increased tensile deformations eventually cause an 
increase in the crack opening load and a subsequent reduction in the 
growth rate (33). The distance between the point of the overload 
application and the minimum growth rate is designated a . and as can 
be seen from Table 4 can encompass from 1/8 to 1/4 of the entire 
overload region. This point of minimum growth rate in each test was 
clearly identifiable as the crack appeared to have completely arrested 
for a number of load cycles in contrast to its behavior both before 
and afterwards. Hence the calculated growth rate at that point 
28 
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TABLE 4 - Fraction of Total Delay Region at Which the Minimum 
Growth Rate Following the Overload Was Achieved 
AK , * 
Spec. (MPaVm) %0L amin/a 
1D1-2 16.48 50 .19" 
1D5-1 16.48 50 .24 
1L15-1 16.48 50 .25 
1J20-B 19.78 75 .13 
30 
represents only an average value dependent upon the amount of crack 
extension on either side which is included. In these tests the true 
minimum rate approached zero. 
V" 
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3.3  Effects of a Second Overload- 
Having established reference conditions for single overload behavior, 
the effect of adding a second overload at the point of minimum growth 
rate in the delay region of a previously applied overload can be 
investigated. 
To do this, two specimens Were subjected to a 50% overload on a base- 
line A K of 16.48 MPa Vn? with a second 50% overload applied when the 
growth rate following the first overload reached its minimum. A third 
specimen was tested in the same manner but with 75% overloads on AK 
of 19.78 MPa VIS. A fourth specimen was subjected to two^consecutive 
75% overloads on a 19.78 MPa VI baseline AK for comparison purposes. 
All tests were conducted at A equal to 1.05. 
A typical crack length vs. applied load cycles curve resulting from 
these tests is shown in Fig. 8 which also defines the terms used in this 
discussion of the results. The major results are summarized in Table 5. 
For the specimens subjected to 50% overloads there are only.slight 
changes in the results characterizing the delay period after the second 
overload compared to the results for single overload tests at the same 
conditions. There appears to be an increase in the ratio NpV^p/bp) 
for these tests when compared to NVCaVbp) for the single overload 
case, however the results are at best inconclusive. In the case of the 
specimen subjected to 75% overloads a substantial increase in the delay 
after the second overload was recorded vs. that found in the single 
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overload tests. This was accompanied by an increase in the afore- 
mentioned load cycle ratio for the delay region. The results from this 
specimen support the conclusions of Mills and Hertzberg (16) who 
conducted all tests at this loading condition. It appears however, 
that the effectiveness of this load pattern in producing beneficial 
delay in crack propagation rates is a function of either percentage 
overload or baseline AK or both. 
The results indicate the benefits of positioning the second overload 
at the point of minimum growth rate rather than immediately following 
the first overload. In fact there is little change in the results for 
two consecutive overloads vs. one overload. These findings are 
contrary to those of Wei and Shih (24) for Ti-6A1-41, who found 
maximum delay for two overloads when no interval of crack extension 
separated the overloads. 
It is important to examine not only the behavior following the second 
overload but also the overall delay in the entire region affected by 
both overloads. This has been characterized by the quantities Ndj and 
N-p*/(a-|-*/b2), also given in Table 5. Again the most dramatic effect is 
for the higher AK, higher overload specimen, where substantial reduc- 
tions in 'average' growth rate through the entire delay region were 
obtained in comparison to single or two consecutive overloads. 
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As was dotie for single overloads the delay results have also been 
calculated based on the assumption of constant crack growth at b-, 
through the delay region in the absence of any overloads. This 
results in even greater delay and lower average growth rates as can be 
seen in Table 6. 
There was little delayed retardation following the second overload in 
the tests employing 50% overloads. An accelerated growth rate was 
observed for the first few cycles followed by a return to about the 
same rate preceeding that overload and a gradual increase to the b2 
level. For the 75% overload specimen delayed retardation was evident. 
A plot of the growth rate through both overload regions is given in 
Fig. 9. Several observations can be made: 1) Following the second 
overload the growth rate immediately rises as it does after the first. 
This is probably due to the temporary removal of crack closure forces. 
2) The minimum growth rate following the second overload is substan- 
tially lower than that which follows one overload. 3) The minimum 
growth rate is achieved more quickly after the second overload than 
after the first overload, i.e. the trough is shifted to the left. 
This was also observed by Mills and Hertzberg (16). 
In summary, the effect of a second overload at the point of minimum 
growth rate following a previous overload, varies with A K baseline 
and overload ratio, but can produce substantial increases in delay . 
and reductions of 'average' crack propagation rates in comparison 
to a single overload application. 
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TABLE 6 - Delay and Overload Benefit for Two Overloads 
Based on b-, vs. b~ 
Spec. 
1M20-2 
1J-16 
1J12-A 
1J12-B 
NdT1 
(cycles) 
5034 
7953 
54,204 
18,420 
N-pVCa^/b-)) 
4.38 
2.97 
12.30 
6.14 
NdT 
(cycles) 
4566 
7899 
52,423 
16,892 
NT*/(aT*/b2) 
3.33 
2.93 
8.97 
4.31 
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3.4  Multiple Overload Testing 
Trebules (15) evaluated the effects of multiple overloads on compact 
tension specimens of 2024-T3 aluminum in constant A K tests at a single 
baseline A K of 16.48 MPa Vm. To examine the effect of varying the 
baseline AK, two tests each were conducted at 8.19 MPa Vm and 24.17 
MPa Vm. Other loading conditions; i.e. A of 1.05, overloads 
of 50%, were maintained identical to those used by Trebules so 
that both sets of data could be used in making observations 
about multiple overload effects. 
A typical curve resulting from multiple overload applications and the 
terminology used in evaluating the effects is given in Fig. 10. Test 
results are given in Table 7. 
If the region of delay following the last overload is examined, the 
results indicate that delay, as given by Nd, increases with the number 
of overloads at both baseline AKs tested. This is in agreement with 
Trebules results (15) even though his conclusions are based on N* 
rather than Nd. It varies from the results of Bathias and Vancon, 
who found a leveling off of in delay at 50 to 100 overloads in 2024-T3 
(21), and those of Wei and Shih (24) who found a peak in delay around 
100 overload cycles in Ti-6A1-4V. The relationship between overload 
number and delay cycles is shown in Fig. 11 in which results of the 
current investigation are plotted with Trebules data (15), which has 
been recalculated in terms of Nd. It is clear that increasing the 
baseline AK as well as the number of overloads results in increased 
delay. 
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The average growth rate through the delay region decreases with 
increasing number of overloads as evidenced by the ratio N*/(a*/b2) for 
tests at AK of 24.17 MpaVm. This ratio could not be calculated for 
tests at AK of 8.79 MPal^Tn because no affected region, a*, could be 
determined from the a vs. N curve. This is consistent with the theory 
that the affected region can be approximated by the calculated overload 
plastic zone size, which for this particular test condition is only 
0.2 mm. 
No delayed retardation was observed in these tests for the crack pro- 
pagation rate through the overload affected region. Instead upon 
returning to the baseline A K the growth rate immediately assumed its 
minimum value, subsequently increasing at a gradual rate before 
emerging more rapidly to assume the stable bp value near the end of the 
region. In the case of the specimens tested at AK of 8.79 MPa Vm 
there was no gradual increase; rather a condition of complete arrest 
existed until the growth resumed at the rate equal to bp. The absence 
of retardation can be explained by closure arguments in that increased 
plastic strain was in existence behind the crack tip prior to the load 
reduction. Similarly, the initial acceleration or region of higher 
than predicted (by existing crack propagation laws) growth rate which 
occurred upon initial application of the overload cycles, can also be 
attributed to crack closure agruments. 
If application of multiple overloads were contemplated to optimize 
the fatigue life of an existing component the crack propagation rate 
in terms of increment of crack extension per number of in service 
cycles would be of greatest significance. This is the concept embodied 
in the quantities Ndj and N*/((a* + a, l/bp). As is evident'from 
Table 7 for the tests conducted at AK of 8.79 MPaVm, the application 
of the overloads actually reduced the number of load cycles at the lower 
AK in the increment (a, + a*) in comparison to the number which 
would have occurred had no overload been applied. While an overall 
positive number of delay cycles was recorded for both tests at AK of 
24.17 MPa Vm,  the specimen subjected to 100 overloads exhibited a 
greater reduction in growth rate than that subjected 1800 overloads. 
Possibly an even further increase in the number of overloads at this 
condition would have eventually yielded the same results as for A K 
of 8.79 MpaVm,; namely negative benefits in terms of overall crack 
propagation rate. 
In summary then the multiple overload test results indicate that 
delay following the overloads is increased both by increases in the "~ 
baseline AK and the number of overloads. However, increasing the 
number of applied overloads will not necessarily optimize, nor even 
increase, the fatigue life of a component in service. 
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^ 
3.5  Crack Closure Testing - 2024-T3 Aluminum Alloy 
The results of the crack closure investigation for 2024-T3 aluminum 
are summarized in Table 8. The crack opening load, determined by the 
methods described in section 2.3, is characterized by the stress 
intensity factor corresponding to that load and referred to as K . 
AK ff is the portion of the load cycle above K  and is equal to 
Kmax-K . U is equal to A K ff/AK and serves as a measure of the 
degree of closure. 
The results confirm the occurrence of crack closure in 2024-T3 
aluminum. However, as indicated by Fig.-12 the parameter U is 
dependent on both Kmax and mean stress as a minimum. In view of 
the work done by Unangst, et.al. (35) and Schijve and Arkema (37) the 
specimen thickness, not investigated in this work, may also have an 
effect. Hence Elber's relationship of U = 0.5 + 0.4R (27) is probably 
not adequate for characterizing crack closure over a wide range of 
loading conditions in 2024-T3. The variation of U with Kmax and mean 
stress is similar to that found in previous investigations (28, 35) 
in that U is found to decrease with increasing Kmax and to increase 
with increasing stress ratio (increasing A). Some investigations, 
however, have found an increase in U with increasing Kmax (29, 33). 
Fig. 13 shows K  to be an increasing function of Kmax and indicates 
a primary dependence on that variable, although a firm conclusion about 
the effect of A. cannot be made based on this data only. Apparently, 
the increase in K  which results when A is increased at constant AK, 
45 
TABLE 8 - Summary of Crack Closure Testing - 2024-T3 
AK Kmax K0P 
A* Wf 
Spec. (MPa-Wff) A (MPaVm) (MPaVm) U (MPalffi) 
1K3-1 8.79 1.05 9. 23 0.97 .94 8. 26 
1A18-A 13. 19 1.05 13. 85 3.30 .80 10. ,55 
1K5-2 19. 78 1.05 20. 77 4.94 .80 15.83 
1A-4 26. 37 1.05 27. 69 12.97 .56 14.72 
1K1-2 30. 77 1.05 32. 31 8.90 .76 23. ,41 
1A-8 13. .19 1.4 18.46 3.74 1 13. .19 
1-20A 19. ,78 1.4 27. ,69 11.43 .82 16. .26 
1A16-A 26. .37 1.4 36. ,92 16.92 .76 20. .00 
1A-6 13.19 2.0 26.37 7.80 1 13.19 
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is more than offset by the increase in Kmax and Kmin, so that U 
increases with A at constant AK. This is evident from Fig. 14. The 
same figure shows that when AK is increased at constant A , the in- 
crease in K , as a result of the higher Kmax, outweighs the increase 
in Kmax and Kmin, resulting in a general decreasing trend of U with 
AK. 
Given that crack closure occurs, can the concept of AK ff explain 
variations in crack propagation rates with mean stress or the observed 
single and multiple overload interaction effects? Fig. 15 shows crack 
propagation rates as a function of AK ff for those specimens for which 
AK f-: was determined. On the basis of this data it appears thatAK ff 
could be used to correlate the growth rate data including that obtained 
at different values of A . It is not possible on the basis of this data 
alone to determine whether the closure concept can account for all 
observed mean stress effects. Several authors (28-30) have concluded 
that it cannot, particular a higher mean stress levels where Kmax plays 
a role in the fracture mechanism. 
With regard to interaction effects it is only possible to give a 
qualitative analysis based on observed trends in the closure data. 
The fact that K  increases with Kmax suggests that an increase in K 
op 3a op 
and hence a reduction in A K f f following the application of single or 
multiple overloads is responsible for delay effects. In a study of 
retardation following load reduction in plane C-Mn steel, Druce et.al. 
(22) found that only reductions in Kmax produced delay. This finding 
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is consistent with the observation that K  is primarily dependent on 
Kmax. Other delay effects, such as delayed retardation following 
single overloads and its absence after sufficient multiple overloads 
are consistent with the closure trends. But, since the rate of crack 
propagation varies throughout the delay region following overloading, 
further quantification of the relationship between AK ff and 
interaction effects will require direct measurement of crack closure 
during the delay period. 
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3.6  Crack Closure and Delay Following a Single Overload in 
1035 Mild Steel 
To examine more critically the concept of AK ff and its role as a 
possible explanation for load interactions effects, a single overload 
test was conducted using 1035 mild steel in which the level of crack 
closure was measured during various stages of crack extension prior to 
and following the overload. Test conditions were as follows: 
baseline AK = 38.46 MpaVm; overload = 75%, stress ratio, 
R = 0.1 (A =1.11). The results of this test are discussed in this 
section. 
The delay behavior from this test was generally similar to that found 
in the aluminum samples and may be characterized by Fig. 6 (see section 
3.2). The major delay results were as follows: 
b-| = 2.22 x 10~4mm/cycle 
b2 = 2.00 x 10"4mm/cycle 
N* = 167,000 cycles 
a* = 10.85 mm 
Nd = 118,126 cycles 
N*/(a*/b2) =3.42 
Aside from the greater magnitude of the applied loading and the 
resulting delay parameters N* and a*, the delay behavior differed some-, 
what from that found in the aluminum testing in the manner in which the 
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crack propagated through the delay region. Whereas the minimum growth 
rate for the aluminum occurred when the crack had traversed from 1/8 to 
1/4 of a* the minimum in this test was reached almost exactly half way 
through the region. Also the growth rate near minimum in the steel 
formed a more rounded bottom with a relatively gradual descent and 
ascent on both sides. This can be observed in Fig. 16 where the growth 
rate is plotted against crack length. In contrast the minimum point in 
the aluminum tests appeared to be one of complete crack arrest for a 
short duration and was characterized by a more 'rapid descent from the 
rate following the overload. 
The results of the closure measurements along with the corresponding 
crack growth rate data are listed in Table 9. Here again, U is the 
ratio of A K ff to AK. In addition to the growth rate data, U is 
plotted in Fig. 16 as a function of crack length. Finally, Fig. 17 
shows the measured growth rates plotted as a function of AKff on 
logarithmic axes. These figures together with the data form the 
basis for analyzing the relationship between crack closure - and 
hence AK ff - and observed interaction effects. 
It is apparent from Fig. 16 that a corellation does exist between the 
effective stress intensity range as measured by U and the corresponding 
rate of crack propagation. Some aspects of the relationship are: 
1) An increase in U immediately following the overload corresponding to 
an increase in the FCP rate. 2) A subsequent decline in U paralleling 
da the decline in growth rate with the minimum value of U and  /dN 
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TABLE 9 - Summary of Results for Closure and Overload 
Testing in 1035 Steel 
• Growth Rate 
Crack Length 
^
Keff (mm/cycle 
Pt. No. (mm) (MPaYifi) 
24.23 
xlO-4) 
2.15 
U 
1 20.99 .63 
2 22.43 23.46 2.15 .61 
3 24.07 22.31 2.07 .58 
4 25.93 21.54 2.07 .56 
5 26.10 25.77 2.50 .67 
6 26.43 29.61 2.13 .77 
7 27.21 26.54 1.20 .69 
8 28.04 22.31 0.78 .58 
9 29.54 19.23 0.48 .50 
10 31.01 16.92 0.27 .44 
11 36.77 26.15 1.85 .68 
12 37.85 28.08 2.05 ■ .73 
13 39.75 26.92 2.10 .70 
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occurring at the same point. 3) An increase in the value of the 
effective stress corresponding to the return of the FCP rate to its 
pre-overload level. Thus there is little doubt that both AK ff and 
growth rate show similar trends following application of a single 
overload cycle. These findings support those reported by Brown and 
Weertman (31) for closure following single overloads in 7050 aluminum 
but differ from results of tests conducted by Chanani and Mays (32) 
which showed little variation in crack closure following single over- 
loads in 7075-T6 aluminum. 
Closer examination of the data and Figure 16 reveals some important 
flaws in the AK ff - da/dN relationship. First, prior to the over- 
load there is a slight decrease in the level of AK ff which is not 
accompanied by a corresponding decrease in growth rate. Then, 
following the overload a substantial increase in U occurs after the 
growth rate has already begun to decrease. Thus, there is a 'lag 
effect1 between AK ff and da/dN in the region of declining FCP rate 
following the overload. Finally, once the crack growth rate returns to 
its stable value, U assumes a level higher than its original pre- 
overload value. 
The shortcomings of the AK ff - da/dN relationship are more 
evident from Figure 17 in which the 'lag effect' is clear. The data 
points in Figure 17 are numbered to reflect the order in which they 
were generated and correspond to the same numbers in Table 9. Hence, 
while the points generated during the decreasing FCP rate after the 
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overload show good agreement with a relationship of the form 
da/dN = C( A K rf)n, points taken prior to and following the over- 
load are shifted to the left of this line and do not correlate well 
with the same relationship. Similar results are reported by Brown and 
Weertman (31) who also found a 'lag effect1 in that the minimum value 
for AK ff was recorded after the growth rate had already begun to 
increase from its minimum. 
These results show that while a correlation between A Kff and FCP 
rate may be established it does not remain consistent everywhere in 
a region where load interaction effects are present. Thus, closure 
cannot be regarded as the sole cause for interaction effects. To some 
extent it may merely reflect conditions which existed earlier in 
advance of the crack tip: i.e. conditions of plastic strain and residual 
compressive stress which play a significant role in influencing the 
FCP rate. 
The 'lag effect' would occur because residual compressive stresses 
ahead of the tack tip cause a reduction in growth rate before the 
closure level can be reduced correspondingly by an increase in plastic 
deformation in the wake of the crack. Despite this, closure may still 
have some influence on crack propugation rates as evidenced by the 
increase in both AK ff and da/dN immediately after an overload 
application. Also the absence of delayed retardation following 
multiple overloads where increased tensile deformations exist in the 
crack wake prior to the load reduction is probably best explained in 
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terms of the crack closure concept. The conclusion reached by this 
investigation is that while closure in terms of physical contact of 
the crack surfaces plays a role in FCP and interaction effects, 
characterization of da/dN based on the AK ff concept will not 
satisfactorily explain nor predict all of the observed behavior. 
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IV. CONCLUSIONS 
This investigation has examined a number of load interaction effects 
in 2024-T3 aluminum alloy and has verified the occurrence of crack 
closure over a range of loading conditions in that material. It has 
also documented the delay behavior in response to a single overload 
of 1035 mild steel. Finally, the concept of the effective stress 
intensity as an explanation for observed mean stress and interaction 
effects has been evaluated by direct measurements of crack closure 
following an overload in 1035 steel. 
Major conclusions which can be drawn from the fatigue and load 
interaction testing of the aluminum are: 
1. An increase in delay following the second overload as 
well as a decrease in the overall FCP rate can be 
achieved by adding a second overload at the point of 
minimum growth rate following a previous overload in 
comparison to the delay and reduction in growth rate 
that is caused by a single overload. The magnitude of 
delay increase and FCP rate reduction is increased by 
higher baseline AK and percentage overload. 
2. Positioning the second overload at the point of minimum 
FCP rate after the first overload produces a substantially 
greater increase in delay and reduction of overall growth 
rate than does applying the two overloads consecutively. 
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3. For a given percentage overload and number of overload 
cycles, the delay following the final overload is increased 
at higher values of the baseline A K. 
4. The delay following the final overload in a multiple over- 
load sequence is increased by the number of overloads. There 
is a limit, however, to the number of overloads which can 
be applied to maximize overall fatigue life at the lower load 
level (baseline AK). When the number of overloads exceeds 
this limit, further increases in delay are more than offset 
by crack extension at the higher load level ( AKQ,). 
With regard to crack closure in 2024-T3, this investigation 
verified the existence of closure and showed it to be a function of 
the mean stress and the applied stress intensity range as a minimum. 
Kmax was determined to play a major role in influencing the crack 
opening load and hence variations of AK ff with R and AK can be 
complex. In general AK ff decreased with increasing AK and in- 
creased with increasing R over the range of conditions investigated. 
It is possible to correlate the growth rate data of this investigation, 
including that obtained of different levels of mean stress, with 
AK „,  although a definitive conclusion concerning the role of 
AK ff in causing the mean stress effect cannot be made. 
A similar trend in AK « and growth rate occurs following 
application of an overload as evidenced by the closure measure- 
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merits made in the 1035 steel specimen subjected to a single overload. 
However, the value of AK « lags the growth rate to some extent 
producing discrepancies in a growth rate law of the form da/dN = 
C( AKeff)m. This lag effect suggests that the similarities in the 
trends of AK ff and FCP rate following an overload may be due in 
large part to the dependence of both quantities on the same conditions 
of increased plasticity in advance of the crack tip. Hence, the 
conclusion of this investigation is that while crack closure does 
exert some influence, delay effects are the result of a complex 
interaction of several causes, and therefore a crack propagation 
relationship based on AK ff will not adequately characterize FCP 
rates in a region where load interaction effects are present. 
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